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STATEMENT OF THE PROBLEM STUDIED

The objective of this research program was to measure oxidation rate
constants (reactivities) for soot and scot-like carbon particles at tempera-
tures between 1000 and 2000 K. Such measurements have been carried out over
the temperature range 1000-1700 K for the O, oxidation of three carbon blacks
(soot-like materials) and soots collected from an ethylene/air diffusion
flame. A modified AeroChem High Temperature Fast Flow Reactor (HTFFR) was
used for most of the reactivity measurements. Additional preliminary measure-
ments were made of the oxidation of scot in static, bulk sample experiments at
temperatures as low as 740 K.

SUMMARY OF IMPORTANT RESULTS

The most important result of the HTFFR measurements is the finding that
the measured reactivities do not conform to the widely accepted Nagle and
Strickland-Constable (NSC) expression! developed from the two-site oxidation
mechanism of Eyring and coworkers.2 Neither the magnitudes nor the {0;) de-
pendences of the measured reactivities follow the predictions of the NSC for-
mulation. It was speculated that the presence of large amounts of sulfur
impurity in the carbon blacks studied might have been the cause of this anoma-
lous behavior, but studies with "sulfur-free" soots did not support this con-
Jecture while still showing disagreement with NSC predictions. It may be
that the lower temperature range covered in these HTFFR studies than those
generally used in the prior shock tube and flame studies of carbon particle
oxidatior (e.g., Refs., 3-6) is connected with this disagreement, but further
work is needed to explore both this possibility and the effects of sulfur on
the observed reactivities.

The physical and chemical properties of the carbon particles studied in
this work are presented in Table I and illustrate the wide range of particle
compositions and sizes studied. The carbon blacks were obtained commercially;
two soots from the CpH,/air flame were used, one of which was "clean” while
the other was contaminated with a 0.5 wt.X 2Zn (the form of the 2n in the par-
ticles was not determined). The measured reactivities, Ry (g cm-2 s-1), are
presented in Table II along with their [0,] dependences. In each case, an
extremely wide range of [0,) was covered to determine the order of the reac-
tion in [0,]), and in each case, only a single fractional order was found,
rather than the change from first to zero order in [0,] predicted from the
two-site mechanism. No major effect of the 2Zn contamination of the CpH,/air
soot was found on the oxidation rate.

In Table III and Fig. 1, the temperature dependences of the reactivities
are illustrated for oxidation in “air" (20X 0, 80X Nj) at 101 kPa (1 atm).
Under this condition, both the soot and carbon black oxidations exhibit simi-
lar activation energies of 120-140 kJ mol-1, consistent with previous wmeasure-
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i ments (see, e.9., Ref., 7). Calculations indicate that for the range of par-
$ ticle sizes utilized in this work, mass transport (diffusion) of 0O to the

“ﬁ particle surface is rapid compared to the observed reaction rates. Thus, the
J‘ observed reactivities are controlled by the gas-particle reaction rate. Sepa-
ﬂ: rate surface area measurements (by N, gas adsorption with BET analysis) of

CY) partially oxidized particles collected from the HTFFR showed that the oxida-
ate tion kinetics are well described by the simple "shrinking sphere” model in

3 which a fully dense carbon particle undergoes external surface oxidation with
-~y concomitant decrease in radius. This is taken to indicate that particle poro-
,-; sity effects on the observed reactivities are negligible. Oxidation rate
" de’.-~~inations (measured by weight loss per unit time) on bulk socot samples at
4 740 K 1n air (101 kPa) were made as a function of percentage of previous oxi-
. dation. The resuits show a small (< 25X) increase in the rate of oxidation as
‘)2 the fractional oxidation of the particles increases from 0 to 85X, perhaps

vy indicating an increase in active surface area® with oxidation. The bulk ox-
;" idation reactivities at 740 and 950 K shown in Table II should be considered
h“) as preliminary values.

f.. The main kinetic measurements were carried out in a uniquely modified

-j- AeroChem High Temperature Fast Flow Reactor (HTFFR). Part of the modifica-

:f tions involved development of a particle feed system for delivering stable
A flows of particle-laden diluent gas to the heated reactor in which these flows
..~ were mixed with O, and additional diluent. The reaction time was controllable
. from 30-800 ms and oxygen concentrations between = i1 x 10%$S and 2 x 1018 cm-3
0 M were used. The extent of reaction was measured by gas chromatography (gc) by
:— determining the amount of CO + CO, produced for a given reaction condition.
A Carbon mass flow was also determined by gc by completely oxidizing the par-
;;2 ticles flowing into the HTFFR and measuring the CO + CO, produced. The ap-

o
.

paratus, technique, and results of carbon black oxidation studies are fully
described in the publication listed below.
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Ob. Madronich, presented at Fuel Division Symposium, Fall ACS Meeting, New
- Orleans, LA, 30 August-4 September 1987.
5y
i
\ "Soot Oxidation Kinetics," W. Felder, D.B. Olson, and S. Madronich presented
j‘ﬂ at 6th ARO/Engine Fuels Workshop, Davis, CA,17-18 March 1986.
3 :Iv
h~- "Soot Oxidation Kinetics," W. Felder, S. Madronich, and D.B. Olson, presented
.§5 at Fall Technical Meeting, Eastern Section: The Combustion Institute, Phila-
e delphia, PA, 4-6 November 1985,
1 4
L “Soot Oxidation Kinetics," W. Felder, D.B. Olson, and S. Madronich presented
‘,{ at Sth ARO/Engine Fuels Workshop, Philadelphia, PA, 27-28 March 1984.
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’“:: : TABLE I
' PHYSICAL AND CHEMICAL PROPERTIES OF CARBON PARTICLES
,;:‘
R
WA
v) Mean BET (Ny) Metal
‘b$: Carbon Particle Surface Volatiles Content€ Ash Sul fur
:&a Particle Diam (nm) Area (m2/q) (wt., X) (wt. %) (wt., X (wt. X)
0y
L9
;g%‘ . Raven 163 61 25 (25b) 0.9 0.1 0.27 1.67
;.'fc. (R16),
. Carbon Black
B
: Q@ Conductex SC? 20 220 (190%) 1.5 0.08 0.49 0.85
?‘ (CSCY,
ol Carbon Black
\':!l
o Raven 850® 31 70 (72%) -- 0.04 0.28 1.31
N} (R850) ,
R Carbon Black
t "
U
:qg Soot -- 105 5.8k 0.01b 0.04% < 0.02b
N (CoHa/Air)
Mo n Soot -- 108% 5.7k 0.6b 0.14» < 0.02b
’; (CzH‘/Alr
"ﬂ + 2n)
N
o, % Data supplied by manufacturer, Columbian Chemical Co.

* Properties measured in this work.

\‘l‘: € The measured metallic impurities contents (wt.X) are summarized below:

@ Metallic Impurity R16® Csce R8S0* Soott Soot + 2Zn®
; L Mn, Mg, Al, Ti 0.007 0.008  0.002  0.007  0.030
o Fe 0.045 0.005  0.003 0.005  0.051
o Na 0.021 0.047  0.029 < 10-5  0.032

" Ca 0.025 0.016  0.006 < 10-3 < 10-3

e Z2n < 10-¢ < 10-8 < 10-9 < 10-5 0.5

o . p ~ Cye) v IR . Iar P L AR - ey A )
LRI A NN 4 A A S DY s o " SUOLHOH
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::: TABLE II
;E:‘ EXTERNAL SURFACE REACTIVITY® R, FOR CARBON PARTICLE OXIDATION BY 0,
,::: logyo Re = l0g10 Rg + n log,q [0,1
3
i: logso Ro

b\ Carbon g cm-2 g-1 [02] range
f. Particle T (K) [0,]-M) n (1016 em-3)
’ Raven 16 1300 -16.3 &+ 0.6®  0.62 + 0.04b 0.2 - 158
'»": (Carbon Black) 1400 -16.5 £ 2.0  0.64 & 0.12 2.0 - 104
* 1470 -16.1 + 1.3 0.66 ¢+ 0.10 0.05 - 98
" 1580 -14.9 + 1.7 0.59 ¢ 0.10 0.12 - 177
9 1680 -15.1 ¢ 1.0 0.61 & 0.07 0.18 - 154
2 Conductex SC 1410 -18.6 + 0.5 0.76 ¢ 0.13 0.04 - 200
: (Carbon Black) 1580 -18.8 ¢+ 1.1 0.82 ¢+ 0.17 0.2 - 132
o 1650 -14.2 + 1.4 0.57 + 0.08 0.3 - 73
f‘ Raven 850 1550 -15.3 ¢+ 2.1 0.62 * 0.20 0.08 - 52
u (Carbon Black) 1400 -16.6 & 1.7 0.65 * 0.15 0.9 - 61
:?. 1300 -16.0 ¢ 1.5 0.60 ¢ 0.15 1.0 - 95
:: Soot ¢ 1400 -16.1 ¢+ 1.1 0.66 * 0.05 0.1 - 120
o (CaH4/ALr) 1200 -20.2 £ 1.0 0.85 *+ 0.10 0.1 - 170
- 1000 -21.6 ¢ 2.2 0.85 ¢ 0.25 0.5 - 180
_.; Soot€ (0.51 1400 -16.3 ¢ 1.2 0.65 : 0.11 0.1 - 100
':; wt. 2Zn) 1200 -10.5 & 2.2 0.80 ¢+ 0.22 0.5 - 87
| ] (CaH,a/air) 1000 -21.9 ¢ 1.5 0.88 ¢ 0.30 1.0 - S50
-,

; 10q50 Re___

e Soot ¢ 950 - 8.6 ¢ 1.0 d 155

[ (CHe/aim 740 -10.5 + 1.0 d 200

s

E ® g cm-2 g-1; gas concentration units, molecules cm-2

"~ * One standard deviation

¢ Soot collected from ethylene/air diffusion flame.

o ¢ Measured at a single [0,).

N

§ 8

s

5 ,,,,, pps gy - <t ot e o At LT 5 " o o T

e E PN LY P . , h ) ,
O o ) . e X . BAR YW RONE 17
.‘-.,. ) l,;'(_‘ ‘;'l.q ,"‘:-"'J.‘ R ‘c".,l“,- L9 i".!' X3 ‘."‘,!".ﬂ f"‘a"'t'g‘o"‘-‘. s \".'w’| LA A" el At

- '« .
' Wi
L. .Vl,“‘,':', A N B

4,478,974



T balh a8 S oa —-,—-—m-T

K
! TP-471
"
‘o"‘.
e TABLE III
K REACTIVITIES OF CARBON PARTICLES IN AIR (20% 0,, 80X Nj)
e AT 101 kPa FROM HTFFR MEASUREMENTS
"‘_)' Reactivity (g em-2 g-1)
K
43
B Carbon Blacks Soots®
'ﬂ;j ) T_(K) Raven 16 Conductex SC  Raven 850 CaHqa/Air CoHs/air + 0.5% 2
i
1680 6.9 x 10-5 --- --- --- ---
‘ . -
o2 1650 --- 1.1 x 10-4 --- --- ---
Rt 1580 5.5 x 10-5 7.9 x 10-% --- --- ---
W
O 1550 --- --- 7.1 x 10-5 --- ---
o 1470 6.0 x 10-5 --- --- --- ---
I.:.
o 1400 1.1 % 10-5 1.2 x 10-% 1.2 x 10-5 6.3 x 10-5 2.6 x 10-5
o
’ 1300 7.8 x 10-6 --- 6.9 x 10-6 --- ---
- 3
- 1200 --- --- --- 1.6 x 10-5 1.0 x 10-5
5 1000 --- --- --- 6.3 x 10-7 1.2 x 10-¢
4
’;?'-, % Soot collected from ethylene/air diffusion flame,
0
e
:'."I
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o 1800 1600 1400 1200 1000
Jf‘ -3.5 T T T T
N

CARBON
BLACKS

S00Ts .

®
Re, g cm=2 g~ 1

p':‘ -55 F -

: -6.0 | -

,:: -6.5 1 1 1 | L 1 1 1 1
~o 0.6 .7 0.8 0.9 1.0

1 103/7, k™1

FIGURE 1 REACTIVITIES OF CARBON PARTICLES ABOVE 1000 K
IN AIR (20% O,, 801 Np) AT 101 kPa (1 atm)

@® Carbon Black, Raven 16; € Carbon Black, Conductex SC; o
V¥ Carbon Black, Raven 850; N Soot, Ethylene/Air Flame;
A Soot + 0.5% (wt.) Zn, Ethylene/Air Flame
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